Deuterium magnetic-resonance studies of spectral patterns from spinning samples are made to measure the relative contribution of various orientational order mechanisms to the biaxiality of the hydrocarbon chain in the smectic C phase. The detailed theory of motional averaging as applied to the spinning techniques is reported for the first time. Orientational order parameters measurable by this technique representing various aspects of molecular orientational order are discussed. The technique is applied to a particular compound nheptyloxyazoxybenzene, where it is possible to distinguish between those order parameters which result from rotational biasing about the long molecular axis and those order parameters which do not. The temperature dependence of these order parameters in this fixed-tilt-angle system is then determined.
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Photinos, Demetri J.; Bos, Philip J.; and Doane, J. William (1979) . NMR Measurement of Biaxial Molecular Order in the Smectic C-Phase. Physical Review A 20(5), 2203 -2212 . doi: 10.1103 /PhysRevA.20.2203 Retrieved from http://digitalcommons.kent.edu/ cpippubs/134 INTRODUCTION A particular liquid-crystal phase that is not well understood on the molecular level is that of the smectic C, S~. This phase is characterized as being optically biaxial with the elongated molecules being tilted in the smectic layers. It has not been clear which of these two physical features, biaxiality or tilt, is the principal feature of the phase. The tilt could resul. t from a biaxial orientational . motion of the molecules or visa versa. No less than ten different theoretical model. s'-" have been proposed for this state of matter. Each of these models differ in the relative importance of the various kinds of possible intermolecular interactions and in the relative significance of the characteristic tilt and biaxiality.
The observedbiaxial. ity in the Sc phase is believed to have two possible mechanisms: (a) anisotropic fluctuations in the orientation of the long axis; (b) biased rotation about the long axis. Both mechanisms could in principl. e be induced by the tilt structure itself; mechanism (a) because fluctuations of the long axis about the C, axis of the phase dilate the layer spacing whereas fluctuations about an orthogonal axis do not; mechanism (b) because rotational diffusion about the long axis of a molecule with noncylindrical symmetry could be biased towards one particular orientation in the tilted environment.
For models which place biaxiality as the primary feature of the phase it is essential that mechanism (b) be present in that intermolecular interactions transverse to the molecular long axis induce the tilt in those models. ""' Biased rotation or "partial rotational freeze out" is necessary to prevent complete averaging of the transverse interactions. The observation of biased rotation about the long axis would not guarantee models based on this mechanism; on the other hand, the absence of the biased motion could rule them out. Biaxiality in the S~is readily observed optically through conoscopy" " or the refractometer. '""
Re cent quantitative measure ments b y these techniques'"" have not separated the relative contr ibution of the two mechanisms. In another approach to the problem detailed studies have been made of the kinds of compounds from which the phase is formed. """ These compounds tend to be those which contain oxygen or nitrogen atoms at suitabl. e sites in the molecule. Such studies'" have favored the importance of dipoles at these sites which are transverse to the molecular long axis implying mechanism(b). In contrast, papers on x rays, '"" neutron scattering, " and dielectric relaxation"
have not been favorable to mechanism(b). An experimental. technique directly sensitive to both biaxiality and the various aspects of molecular / orientational order is magnetic resonance on nuclear spins which exhibit the quadrupole interaction. Observations of the motionally averaged spin" ' interaction directly yield orientational order parameters associated with both mechanism(a) and (b) above. Seliger et al. " have directly observed biaxiality through measurement of the asymmetry parameter of "N spin in compounds which exhibit the Sc with a variable tilt angle. Their measured temperature dependence of that quantity was suggestive of mechanism (a) although this might be expected in that the asymmetry parameter is much more sensitive to mechanism (a) than mechanism (b), where rotational diffusion about the long axis is biased toward only one orientation "partial freeze out. "" A further disadvantage of "N NMR is that there are seldom more than one nonequivalent "N site in the molecule. More than one nonequivalent site is necessary to separate various mechanisms for bi-2203.
PHOTINOS, DOS, DOANE, AND NEUBERT

THEORY
The quadrupole Hamiltonian is given by" (1) where (I)'2) is the quadrupole tensor and B(') is the electric field gradient tensor at the nuclear site. Since we observe the quadrupole interaction as a perturbation on the Zeeman interaction we express Q(2) in a frame (laboratory frame L) in which the z~axis is parallel to the direction of the magnetic field, H, where
The components of B'" in the principal axis frame of the electric field gradient (PAF-EFG) are gg 2 g(2)e& P kl = (1/2'(l'""-1 ", ) = (1/2'/(In.
( 3) axiality. T'his problem is relieved by deuterium NMR studies. To observe biaxiality with deuterium, however, nonconventional NMR techniques need to be employed. " We recently reported one such NMR experimental technique on deuterium spins in the S~p hase" which was sensitive to parameters of both mechanism (a) and (b). In order to detect the biaxiality, the samples had to be spun about an axis normal to the applied magnetic field. A particular compound was used for this study whereby the contributions of mechanism (a) and' mechanism (b) could be separated. This paper explores that experimental method further. The detailed theory of motional averaging as applied to that technique is presented for the first time and the resulting orientational order parameters measureable by the method fully discussed. The application of the technique to the compound ))-heptyloxyazoxybenzene (HOAB-d") is carried further by examining the temperature dependence of the order parameters in this compound which has a fixed tilt angle of known value. " These measurements allow for more detailed study and lend confidence to this experimental method as a means of further study of biaxiality and to separate various mechanisms. The results of temperature dependence studies are supportive of models in which mechanism (b) is a primary feature of the smectic C phase.
For deuterium in selectively deuterated organic compounds which are in the solid state, the principal z axis is typically along the C-D bond direction on the molecule.
Due to the motion of the PAF-EFG relative to the lab frame in the liquid-crystal phase the Hamiltonian in Eq. (1) is time dependent. The NMR measurement gives the time average of the matrix element of the quadrupole Hamiltonian, meaning that the time scale of the NMR measurement is very large compared to any characteristic time of the molecular motion. From Eqs. (2) and (3) we see that Q and B are determined f ro'm two different frames. The first step therefore is to express both of them in a common frame. If we choose this frame to be the laboratory frame we must express the components of the electric field gradient in terms of its components in the PAF-EFG.
Writing Eq. (1) in the laboratory frame we have that
where D, are elements of the rotation matrix" and 4, 8, 4 are the Euler angles of the PAF-EFG axes in the laboratory frame. Due to the molecular motion in a liquid crystal these angles are time dependent. In order to describe this time dependence or, more precisely, the time averages of the rotation matrix elements in terms of particular types of molecular motion, it is convenient to introduce two more frames.
Instead of transforming directly from the PAF-EFG to the lab or L frame as in Eq. (4), we first transform from the PAF-EFG to a new frame, M, fixed with the molecule. Naturally, since the molecule is not absolutely rigid but various parts of it move relative to one another, the notion of a frame fixed with the molecule" is a relative one. It means that we divide the molecule into segments which move relative to a frame fixed to one of these segments. The M frame then is one in which we measure the time averaged conformation of the molecule. The orientation of the PAF-EFG in the M frame is given by the angles o. ', P, Z which are in general time dependent since the chemical bond that gives rise to the electric field gradientdoes not always belong to the segment fixed to the Iframe.
The field gradient components in the M frame are related to the principal ones by It is to be noted that so far the frame M is com-Pletely arbitrary apart from the restriction that it is fixed with some part of the molecule. We now introduce another frame, A', which is likewise completely arbitrary except for one restriction: it is fixed in time with the phase
In connecting the X frame to the L frame we note that in the actual experiment the L frame is basically determined by the direction of H (zz axis only). In this case, it is preferable to describe the orientation of the 4 frame in the A frame rather than the other way around. If $"8"(o are taken to be the angles that describe the orientation of the L frame in the N frame, the components B and B" are connected by (sample) and therefore with the laboratory (provided the sample is not moving in the lab). Let the orientation of the M frame in the N frame be given by the angles 8, P, P. These angles are time dependent due to motion of the molecule as a whole, M frame, relative to the phase. 'The field-gradient components in the N frame are related to B",~~b y the equation preferred direction of the long molecular axis. We will limit our consideration to aPolar phases. By this we mean that there is at least one axis (which we take'to x") about which z rotations leave Eq. (9) invariant. Consequently for apolar phases Eq. (10) must be invariant under the substitutions 8, -g -8, and Q, -p+P, . Furthermore, the phase may possess a symmetry of rotation about the z"axis by 2w/I (I =1, 2, . . . ). In this case I gives the number of axes. in the x",y"plane tha, t give twofold symmetry rotations. To see the implications of these symmetries on the time averaged quantities, namely, to answer the question: what type of molecular motion on the average would make the phase apolar or symmetric with respect to a 2z/I rotation we return to Eq. (10).
For the operation 8, w -80 and P, -z+Q, to leave G ($"8,) invariant we must have R =R Combining Eqs. (5), (6), and (7) we get B'"~= D"($""8$, ) D* "(P, 8, g) xD"*"", (n, P, y)B»&~. 
We note again that the direction of the L frame and the PAF-EFG are determined ehereas the IV and M frames are arbitrary. They will be chosen so that the physics of the system is made more clear and the expressions get simplified if additional. symmetries exist.
We take the P/ frame to be the frame of the principal axes of the phase with z"parallel to the To first order in perturbation only, the Q, '"z component gives a contribution. The significant part of the time average Hamiltonian will be of the form as the condition for apolarity of the phase. Naturally, this equation refers to the particular way that the angles Q, 8, g (and not n, P, y) average in time. Equation (11) In this case it is possible to find a frame fixed to the molecule, such that the directi. ons P, 8, g and $+ m, m-8, -g are statistically equivalent. In other words, the molecular long axis, z", spends, on the average, as much time oriented in one direction as in the other. The axis of polar inversion for the molecule we take to be x". This frame are take to be our M frame T.his choice allows us to write F"", = (D"', (P, 8, g)) = (D"* ",(P+ w, m -8, -P)) tional motion has been frozen out. " 'The coefficients may be expressed as 
Sp p = Fp p =(2 cos'8 -2), thus for this particula, r choice of the frame M, we
where C. , = &D"* , , (~, P, r)")
Returning to Eq. (10a), we have for the Sc phase G(e., 8.) = , '. l~. .. (y., 8.)+D-. .. (e., 8.)] x (F "+F "+F "+F ")
x (C"", +C "", ).
To first order in perturbation on the Zeeman interaction, the quadrupole Hamiitonian of Eq. (9) for ith spin of spin I =1 will produce a doublet with a splitting of 6v& = vz'[A&P, (cos8p)+B& sin'8, cos2$p + C, sin(28o) sinPp],
where vo'= e'qQ/k is the coupling constant at the deuterium site in a molecule. Its value is deter- Each of these parameters describe different features of the molecular-orientation order. They all have values between 0 and + 1 depending upon the contribution of that particular aspect of the order.
For phases of higher symmetry many of these order parameters vanish. For the case of Eq. (12) the nine order parameters above reduce to at most six nonzero S, , 's and in the case of Eq. (13) for uniaxial phases there are at most three.
Apart from the symmetries of the phase, there can be additional symmetries associated with the molecular motion, for example, (a) In addition to x"being a twofold axis for endfor-end exchanges, z~also becomes a twofold axis for rotational diffusion about the long axis (n= 2 for 2g/n rotations about z"). In this case 8, g and P, 8, gem are statistically equivalent. This has been found to be the case in the nematic and smectic studies to date. " (b) z"becomes threefold or higher (to include free rotation about the long axis) when n&2. This condition coupled with uniaxiality gives the highest symmetry possible for a liquid-crystal phase as observed with NMH. Such a case would be expected Table I. spectral shape function 2(vf(0)) which is symmetric about the Larmor frequency. " A uniform distribution of H, gives a spectral pattern whose shape is given by the function
If the spectral lines were sharp and narrow 2(vf(0)) could be approximated by a 6 function 5(vf (0)). However, the spectral lines have a width W due to dipole-dipole interactions and in our case also due to magnetic field inhomogeneity. The individual spectral lines from the methyl groups at Hp: 0 for HOAB-d3p fit well to a Gaussian line shape.
If the width of the spectral lines did not vary slightly with angle 8" then the shape function G(v) would only depend on the fitting parameters E and E. The dipole-dipole contribution, however, causes a, variation in lV which can be well approximated by the expression
where k is the width at 8, =0 (maximum width) and N is the adjustable parameter. In the fittings to the spectral patterns, this parameter only affects the width of the 90' singul. arities and does not shift their position as the fitting parameters E and In the compound HOAB-d" the methyl groups on each end of the molecule are inequivalent and the stationary spectra for 8p = 0 show four spectral lines or two splittings. " The spectral patterns in spinning samples therefore show two superimposed spectral patterns. The fits to these spectral patterns were shown in an earlier publication. "
The temperature dependence of the measured values of A', and A, ' from the methyl groups of HOAB-d3p are obtained from a stationary aligned sample and are shown in Fig. 1 . The signs of A, ' and A, ' were both arbitrary and are plotted in Fig.   1 as both positive in the nematic phase. The value of A, changes sign, howe ver, in the smectic phase; this is probably due to a larger dependence on S, , than S, , (s,/r, «1). The value of S, , is expected to decrease with increasing temperature" and can go negative unlike S, "which is known to remain positive in the S, phase. The change in sign of the methyl splitting is hot uncommon in the smectic phases. '4 'The values of E, , and E, , and their temperature dependences obtained from the best fits to the spinning spectral patterns are shown in Fig. 1 .
The sign of E, like A, is arbitrarily' plotted as positive. 'The actual relative signs of A] and E, turn out to be important and can only be decided upon by choosing that sign which gives the most physically realistic values of Sp p and S, " which is to be discussed in the next section. It is seen from Eq. (21b) that the sign of I" makes no difference in the deter'mined value of C. 'The sign of C cannot be determined in this experiment.
RESULTS AND DISCUSSION
Values for the order parameters S& & can be obtained from the determined values of A', B', and C' by use of Eq. (20b), provided that the values of x, s, and t are known. It is in this regard that the terminal methyl positions, i=1, 2, of HOAB-d3p are particularly helpful. " The angle p, and P, are near the magic angle" (54. 7') where small differences in P cause large changes in r but not in s and t such that s, = s, and ty t2 even though r, and r, are very different. 'The large difference between the character of A, ' and A, ' results from x, and r, not only having small values but also there being a large enough difference between them that r,/r, is significantly different from 1. This particular point will be discussed again later in the section.
By taking s, = s, = s and t, = t, = t, we get from Eq s. (20b) -' ,(A, -A, ) = (r,r, )S, "-, ' (8, -B,) values and temperature dependences of the parameters S, "S,p, and S, , can then all be determined from the values of A. ', B', and C' independent and separate from the other order parameters. These particular parameters depend in no way upon how the molecule is rotating about its long axis, but describe the motion of the long molecular axis. S» and S'y p give the contribution of asymmetric motion of the long axis about N" toward biaxiality [mechanism (a)J.
The determined temperature dependence of Sp p is seen to depend on the relative sign of A, ' and Choosing them to have the same sign as plotted in Fig. 1 gives the temperature dependence of Sp p shown in Fig. 3 . A choice of an opposite sign between A, ' and A, ' gives an Sp, which decreases at the A'-S, transition, further decreasing as the temperature is lowered. The latter result is believed unphysical in that the deuterium splittings on the 800-sc N high ordered segments which have a strong dependence on Sp 0 always increase'~as they also do in other smectic phases. " Whether A1 and A, ' are both negative or positive to that in Fig. 1 turns out to be of no significance for the work presented in this paper.
Assigning a value of 0.8 for Sp, at the temperature of 80'C gives a value of -0.040 for (r,r, ) if the signs of A, ' and A, ' are taken as shown in Fig.   1 . ' The value of v was taken to be 57.34 kHz for the methyl groups' where A'= vA. As discussed earlier there are several possible values for B, ' and B2, depending upon the relative signs of A, ', Ej and E, making a total of four possibilities for S, , with the signs of A, and A, as established above. The choice of signs of E, and E, as plotted in Fig. 1 'The values of B, 2 and C, 2 are shown in Fig. 2 and Sp 0 S2 0& and S1 0 are shown in Fig. 3 for the signs of A1 A2 E1 and E, as chosen above. 'The order parameters in Fig. 3 represent the contribution of mechanism (a) discussed in the Intro- (20b) and (20c)J. By requiring that Z, decrease with decreasing temperature (increasing S, ,) to become less than 0.1 and approach zero at the low-temperature end of the S~phase we find (r, +r,) = 0.029 which, in turn, gives the temperature dependences of Z, shown in Fig. 4 . 'The form of Z, which decreases with decreasing temperature is that expected for S, , calculated from theory. "'" The temperature dependence of So has not been calcul. ated. '
The parameters 5, and 5, represent a biasing of rotational diffusion about the long molecular axis described as mechanism (b). The g parameters are combinations of tmo order parameters, one in which the long molecular axis, is on the average, a twofold rotation axis and the other a onefold rotation axis "partial freeze out" (see Table I ). In this compound it is not possible to unambiguously separate the onefold from the twofold contribution. However, since the long axis is reasonably mell ordered, order parameters containing cose in Eqs. (20c) would be expected to dominate those containing sin6I or sin28, in which case Z, = -tS» and Z, =2sS». It should be pointed out, however, that the long axis is not perfectly ordered since parameters S, 0 and S, , are finite.
The values of s and t for the methyl groups cannot be determined exactly but are certainly averaged to much less than 1. From Fig. 4 Z, =0.01= 2tS», (see Ref. 38) . It is not unreasonable that the value of t be as small as 0.1, which gives S» 0 1 for the hydrocarbon chain. 'This is a rather significant value for the freeze-out parameter. " An important question now arises: why was biaxiality not observed in the Luz, Hemitt, and Meiboom experiment. " The reason is the same reason biaxial effects are much weaker on the spectra of methyl group 2 than methyl group 1 in this experiment (See Fig. 2 of Ref. 23) . It is seen from Eq. (21b) that the observed biaxial effects E and I' depend strongly on the value of A' which is the splitting from an aligned sample (uniaxial contribution). The effect of the biaxial order parameters B' and C' contributes most when A' is zero, but can become insignificant when A' becomes comparatively large, particularly in the smectic-C phase where B' and C' are less than 1 kHz. This to be compared with A, '-0. 5 kHz and A', -3 kHz where from Eq. (21b) it is seen that the effects of B' and C' on the observed parameters E and F would be stronger for spectral lines 1 than on 2. In fact, the contribution of spectral lines 2 to the spinning spectral patterns appears nearly uniaxial, " as in the case of the Luz, Hewitt, and Meiboom expe riment.
For deuterated segments higher up the end chain or on the body of the molecule the values of A' can be as large as 200 kHz but are typicall. y around 25 kHz as in the Luz, Hewitt, and Meiboom experiment. 'The values of B and C will not increase proportionally if the freeze-out parameters contribute as s and t do not increase up the end chain as fast as x. 39 Since the interpretation given above depends on s, =-s, and t, = t, this feature of these time-averaged conformation parameters is perhaps worthy of more discussion. The argument given earlier was that since the HOAB molecule is not chiral~, = o. , in these conformational averages. Furthermore, small differences between P, and P, cause large differences between x, and x, near the magic angle but not between s, ' and s, or t, and I;,.
The equivalence of s, and s, as well as t, and t, is also confirmed experimentally through ratios of splittings from aligned samples at various temperatures in the smectic-C phase and across the nematic-smectic-C phase transition. In another paper'4 it was shown that the three order parameters S«, S, "and S, , in Eq. (20b} were required to explain the temperature dependence of the. splittings from an aligned sample of another compound 4-n-octyl-d"-oxybenzoic acid -d(OOBAd»} which also exhibits the nematic and smectic-C phases. '4 The presence of three as opposed to two order parameters is tested if ratio plots of 6v&/5vṽ s 5v&/5v~are not continuous straight lines across the nematic transition. '4 In the case of spectral lines 1 and 2 of HOAB, however, there are only two effective parameters governing their temperature dependence since s, =s2 and ty t2 A ratio plot using these spectra should yield a straight line across the transition, as it is shown to do in Fig. 5 . The third splitting used in this plot comes from another segment in the hydrocarbon chain. " 'This fact of there being only two effective order parameters for lines 1 and 2 was also shown in an earlier paper" in another manner; there it was shown that the temperature dependence of one methyl splitting could be predicted from that of two other splittings, one of which is the other methyl group.
Finally, we would like to comment on the temperature dependence of S, , and Z, as determined in this experiment. The value of S, , in Fig 38J. P. Straley, Phys. Rev. A 10, 1881 . 3~G. Luckhurst, C. Zannoni, P. L. Nardio, and V. Segre, Mol. Phys. 30, 1345 .
A printer's error in Ref. 23 gave the incorrect value of Z& =0.1 instead of its correct value Z& =0.01. 39Measurements of r, s, and t along the end chain have been made in a thermotropic and lyotropic system and a manuscript is in preparation.
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